This investigation reveals the capability of Agave lechuguilla for trivalent and hexavalent chromium removal from aqueous solutions. Experimentation included pH profile, time dependence, adsorption capacity (KF and QL), adsorption intensity (n and RL) and saturation capacity (q,0 studies. Batch experiments were conducted at 22C to characterize and model the adsorption equilibrium as well as biomass adsorption rates. pH 4 was the optimum for Cr(III) binding, while Cr(VI) optimum binding was at pH 2. Time profile experiments indicated that the adsorption of Cr(VI) by lechuguilla biomass was time-dependent and that of Cr(III) was not. Kinetic models demonstrated that a pseudo-second order reaction model best described the kinetic data for Cr(VI). The adsorption isotherms showed that the binding pattern for Cr(VI) followed the Freundlich isotherm model, while that for Cr(llI) followed the Langmuir isotherm.
I. INTRODUCTION
Chromium is very common in the environment and can be found in concentrations ranging from less than 0.1 lug/m in air to 4 g/kg in soil/1-4/. Naturally occurring chromium is in the trivalent state in rocks, soil, plants, and volcanic emissions. Hexavalent chromium is mostly derived from industrial activities such as steel making, electroplating, and tanning industries /3-6/. Figure 1 shows the environmental cycling, the sources, and oxidation states of chromium.
The physiological effects of chromium on biological systems depend on its oxidation state. At low concentrations Cr(III) is considered an essential element in mammals for the maintenance and control of glucose, lipid, and protein metabolism. However, at the same low concentrations Cr(VI) is toxic. Its effects on living systems due to its tendency to oxidize other chemical species have proven to damage the lungs, liver, nervous system, and kidneys in mammals/3/. The U.S. Environmental Protection Agency (USEPA) has set the maximum contaminant level for Cr(IlI) and Cr(VI) at 0.1 mg/l. However, other national and international drinking-water associations such as the California Department of Health Services (CDHS) and the World Health Organization (WHO) reject drinking-water containing chromium above 0.05 mg/l/7,8/.
Chromium is found as chromium(Ill) and chromiumCr(Vl) in aqueous phase. Trivalent chromium exists as hexa-aquachromium, Cr(H20)63/, as well as aquahydroxo products such as Cr(OH) 2/, Cr(OH)2 +, Cra(OH) 4 s/, and Cr(OH)3/9/. Hexavalent chromium may exist in the aqueous phase in different oxyanionic forms such as chromate (CRO42), dichromate (Cr2072), or hydrogen chromate (HCrO4)/10/.
The following equation shows the relation between hexavalent and trivalent states of chromium/11/:
Cr:,O72 + 14H + 6e--* 2 Cr 3+ + 7H20 Eo= 1.33v. Due to the health hazards of chromium, numerous studies concerning its removal from aqueous solutions have been pertbrmed using different biomasses /12-18/. However, few studies have compared the Agave lechuguilla, commonly known as lechuguilla, is one of the most common plants of the Chihuahuan Desert as well as other desert areas in Mexico and the U.S. (Figure 2 ). Lechuguilla is a small plant consisting of a few-leaved rosette about 30-40 cm long. It grows on rocky limestone slopes. The number of individual rosettes (average of 21,000 per hectare) probably exceeds all other native agaves. The plants accumulate nutrients during the growth period and die after flowering, leaving an abundance of cellulosic biomass/21/. These characteristics make lechuguilla an attractive biomaterial for the removal of heavy metals from water and wastewater.
The objective of this study was to investigate the equilibrium and kinetic parameters of the adsorption of trivalent and hexavalent chromium from aqueous solutions by lechuguilla biomass. The parameters studied included pH profile, time dependence, adsorption capacity, adsorption intensity, and saturation capacity.
Batch experiments were conducted to characterize and model the adsorption equilibrium as well as the adsorption rates. The results of these studies will contribute to the understanding of the mechanisms and adsorption rate of chromium ions. were then rocked for their respective time interval and then centrifuged at 3,000 rpm for 5 min. The same procedure was followed for both metals being studied at their optimal binding pH. The supernatants from all of the pellets were transferred to clean test tubes and analyzed for chromium content using FAAS.
Saturation adsorption capacity for lechuguilla biomass
For the saturation adsorption capacity studies, three 4-ml of biomass solution (5 mg/ml) were taken and transferred to clean test tubes. The biomass was reacted with four milliliters of 0.3 mM Cr(III) or Cr(VI) solution at the predetermined optimal binding pH. The biomass was reacted with the metal solution for 15 min using a rocker. After that, the samples were centrifuged at 3000 rpm and the supernatants were saved for metal analysis. This procedure was repeated nine times or until the biomass was saturated with Cr ions. After the nine reaction cycles, four ml of 0.1M HC1 were added to the biomass and allowed to react for 15 min in order to desorb the bound metal ions. Subsequently, the samples were centrifuged and the supernatants were retained for further metal analysis. This procedure was repeated until no Cr was detected in the supernatant. 
Adsorption kinetic parameters
The amounts of Cr(III) and Cr(VI) bound to lechuguilla biomass resulting from the time dependence studies are shown in Figure 4 . As one can see in this figure, the process of Cr(VI) adsorption by lechuguilla is time-dependent while Cr(III) is not. The trend in Cr(III) adsorption suggests that the binding of this ion may be through interactions with functional groups located on the surface of lechuguilla biomass. However, the mechanism of Cr(VI) binding is different. This difference could be due to the reduction of Cr(VI) to aquahydroxo Cr(III) complexes. These 
where qe is the amounts of solute adsorbed at equilibrium per weight of adsorbent (mg/g), q the amount of solute adsorbed at any time (mg/g), and K'ad is the rate constant of first-order biosorption (min-). If equation (1) is integrated for the boundary conditions t=0 to >0 and q=0 to q>0, the following linear time dependence function is obtained"
The experimental data obtained from the time dependence study was used in .equation (2) . The results of the appropriate calculations are shown in Figure 5 . The data shown in this figure were used to estimate the constants shown in Table 2 .
The pseudo-second order model/30/is also based on the sorption capacity of the solid phase. The pseudo second-order chemisorption kinetic rate equation is expressed as the following: dqldt K"a,a (qe-q) (3)
where K", is the rate constant of second-order biosorption (g mg min'), q and q,, represent the variables explained before. Integrating equation (3) 
The experimental data obtained from the time dependence study was used in equation (4) . The results of the appropriate calculations are shown in Figure 6 . The data shown in this figure were used to estimate the constants shown in Table 2 . Table 2 Comparative analysis of linear pseudo first order and pseudo second order reaction rate equations, 3.3 Saturation adsorption capacity Figure 7 shows the amounts of metal accumulated (mg/g) in successive cycles of biomass contact with Cr solutions. Additionally, Table 3 shows the values for the saturation adsorption capacity and the percentage of metal recovered after 9 saturation cycles of the lechuguilla biomass. As observed in Figure 7 and column 2 of (5) where Kv (mg/g) stands for adsorption capacity and n for adsorption intensity.
The logarithmic form of equation (5) is: log qe log KF + 1/n log Ce (6) where K. and 1/n can be determined from the linear plot of log (qe) versus log (C,,). Experimental values obtained for the adsorption capacity experiments were used to calculate the isothermal models. Table 4 shows the values of the linearized data obtained for Cr(VI) and Cr(III), respectively. The Langmuir model represents one of the first theoretical treatments of nonlinear sorption and suggests that uptake occurs on an homogeneous surface by monolayer sorption without interaction between adsorbed molecules. In addition, the model assumes uniform energies of adsorption onto the surface and no transmigration of the adsorbate/32/. The Langmuir isotherm is given by: qe OLbCe/(1 + bCe) (7) where QL (mg/g) and b are Langmuir constants related to adsorption capacity and the energy of adsorption, respectively. Equation (7) is usually linearized to obtain the following form: 
CONCLUSION
The results of this investigation demonstrated that lechuguilla biomass has the potential for the removal of trivalent and hexavalent chromium from aqueous solution. Although the maxima adsorption capacities were obtained at pH 4 (95%) and pH 2 (34%) for Cr(III) and Cr(VI), respectively, the experimental data showed that even at pH 6 the biomass bound a certain amount of Cr(VI). The saturation adsorption capacities and the percentage of metal recovery were higher for Cr(III) than for Cr(VI). The adsorption process of Cr(VI) by lechuguilla was found to be time-dependent, but that of Cr(III) adsorption was not. A pseudo-second order reaction model best described the kinetic data for the adsorption of Cr(VI). Adsorption isotherms showed that the adsorption pattern for Cr(VI) followed the Freundlich isotherm, while that for Cr(III) followed the Langmuir isotherm. The adsorption capacity showed by lechuguilla was slightly higher than the average values reported in the literature.
